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Results 50
Event-related potentials (ERP) obtained from electroencephalographic (EEG) signals have 51
been one of the fundamental tools for studying the sensory and cognitive processes in the 52 brain. Characteristically, these signals represent the average activity resulting from the 53 repetitive presentation of a stimulus. In most vision studies to date, the stimuli are flashed 54 in front of subjects, a situation that contrasts with natural vision where subjects, by moving 55 their eyes, self-initiate changes in the visual input. Although saccade (saccRP), fixation 56 (fixRP), and image (imgRP) related potentials have been independently explored 1,4-6 , the 57 neuronal processes that underlie these different responses are not well understood. We 58 hypothesize that a direct comparison of these responses would reveal distinct mechanisms 59 involved in passive and active vision. 60
In this work, we assessed the magnitude of the modulation by self-driven eye movements 61 on the activity in the early visual areas in human subjects. During each trial, the subjects 62 freely explored pictures (Fig. 1a) while their eye movements and EEG activity were 63 recorded (Fig. 1b) . The subjects (n = 16) freely explored natural scenes (NS) and 6 other 64 control categories (pink noise, white noise, and white, grey, and black images; Fig. 1a) . 65 66 67 duration and amplitude similar to the fixP1 (the imgP2 mean area under the curve was 102 299.01 ± 181.12 µVms and the peak latency was approximately 210 ms). The imgP1 103 amplitude correlates with the stimulus contrast 3 , and its origin is probably in the dorsal 104 extrastriate cortex 7 . The second potential on the imgRP, the imgP2, has been proposed to 105 correspond to the neural correlate of the gist of the scene 6, 8 , where the recognition of the 106 main features of the image may occur 9 . The time course of the fixRP and the imgRP 107 substantially differed. The fixP1 peaked significantly earlier than the imgP1 (Fig. 2a, left  108 insert), and despite the large luminance changes that occur at the image onset, the fixP1 had 109 a significantly larger amplitude than the imgP1 (Fig. 2a, right insert). We demonstrate that 110 self-triggered changes in the visual stimulus, generated by the exploratory eye-movements, 111
correlate with a modulation of EEG signals in the human visual cortex that is stronger than 112 the activity evoked by the onset of the NS image. 113
114
Previous work on non-human primates showed that the first eye movement is typically 115 suppressed until 200 ms after image onset 10 . Consequently, we investigated the time of 116 occurrence of the first fixations after image onset and examined its contribution to imgP2. 117 Specifically, we determined whether this signal corresponded solely to evoked activity by 118 the image or was combined with a putative response to the first eye movement after image 119 onset. As expected, we found that from the 735 first fixations examined, 15.24% occurred 120 in the first 200 ms after image onset, while 64.63% first fixations occurred during the 121 period 200-400 ms after image onset (histograms on Fig. 2b, c) . All trials were then sorted 122 by the latency of the first fixation (Fig. 2b) . We found that the imgP2 component precedes 123 the increment in the number of first fixations (>200 ms). Moreover, the imgP2 positive 124 potential was clearly distinguishable from the subsequent fixP1, and it exhibited a longer 125 duration (the black curved line depicts the fixation onset in Fig. 2b) . In contrast, when the 126 single-trial of fixRP was sorted by the latency to the next fixation (Fig. 2c) , the fixP1 127 potential (the black curved line in Fig. 2c ) exhibited a shorter and precise time course, and 128
we did not observe a second peak regardless of the fixation duration. These results suggest 129 that the fixRP and the imgRP originate on different brain processes, where the fixRP is 130 locked to the self-paced eye movement, while imgRP is mostly evoked by stimulus onset 131 associated with gist and other high-level cognitive processes 6, 11, 12 . saccades, suggesting an influence of these motor actions in V1 activation 4 . Here, we found 155 that the saccade related potential (saccRP) presented a negative potential that started before 156 saccade onset, followed by a positive potential that was larger in amplitude than the fixP1 157
and that it had a nonlinear modulation by the saccade amplitude. The saccRP (Fig. 3a) had 158 a negative component that started before saccade onset, which we termed Nz (Negative-159 zero). This component was followed by a positive potential (saccP1) that peaked after 160 saccade onset and ended in another negative deflection. The shape of the saccRP, especially 161 the saccP1 and the following negativity, resembles the event related potential from the 162 electrocorticogram recordings in areas V1 and V4
13 and the firing rate on V1 5 in monkeys. 163
Our data revealed that the Nz was also visible in the fixRP but had significantly reduced 164 amplitude than in the saccRP (-1.67 ± 0.86 µV at 48.75 ± 15.09 ms; Fig. 3a and inset). The 165 duration of the Nz, from its onset until the minimum value before P1, was significantly 166 longer than in the fixRP (Fig. 3a , right inset). The Nz also showed a spike potential 167 coincident with the saccade initiation and duration, and thus, likely originated in the 168 extraocular muscles that move the eyeball [14] [15] [16] . This shows that the spike potential captured 169 the muscle twitch artefact and that this muscle activity was distinguishable from the 170 occipital neuronal processes. The amplitude of the saccP1 (6.02 ± 3.23 µV at 120±8.5 ms) 171 was significantly larger than that of the fixP1 (Fig. 3a) , and peaked 36 ms after the fixP1, a 172 time lapse coincident with the median duration of saccades 17 (here, the median saccade 173 duration was 31.98 ms, with 10 ms and 60 ms at 5% and 95% of the distribution, 174 respectively). These results for the Nz and saccP1 show that brain activity from occipital 175 areas is larger in amplitude and better timed to the saccade onset rather than to the fixation 176 onset. We conclude that saccades are instrumental in modulating the visual processing of 177 the subsequent foveated visual patches. For short saccade lengths, the amplitude of the 178 saccP1 increased with the amplitude of the movement (Fig. 3b) , showing a linear 179 correlation for saccades smaller than 2.5° (Fig. 3c) , which is intriguingly within the fovea 180 size range (the foveal diameter is approximately 5°). However, for saccades larger than the 181 fovea radius, the saccP1 amplitude seems to saturate regardless of the saccade length (Fig.  182   3c ). These findings demonstrate that this component of the response cannot be of purely 183 motor origin because otherwise, its amplitude should keep growing linearly with the 184 saccade length. Additionally, the relationships between saccade length, foveal size, and 185 saccP1 support previous studies that reported that humans and monkeys employ ambient 186 and focal modes of visual exploration while freely viewing natural scenes 18, 19 . Finally, the 187 negative potential that came after the saccP1 was similar between the saccRP and fixRP. 188
This potential is coincident with the suppression of the firing rate in V1 for small saccades 5 , 189 which is absent when the movement is externally induced instead of self-initiated. 190
Together, these results demonstrate that during free viewing of NS, the processing of the 191 upcoming stimulus in the early visual areas is timed to the saccade onset and that saccade-192 related brain activity contributes to the processing of visual images. scenes modulate the saccRP, we measured the saccRP in plain (white, black and grey 216 images) and textured images (pink noise, white noise, and inverted images, see the Methods 217 section and Fig. 1a) and found that the saccRP also depended on the content of the image 218 (Fig. 4a) . The saccRP on the plain images showed a smaller and delayed development of a 219
positive deflection approximately 150 ms after saccade onset, which is in contrast with the 220 well-defined saccP1 on NS. As a group, the textured images showed a significantly larger 221 amplitude of Nz compared with the plain images. Similarly, the saccP1 amplitude was 222 significantly increased in the textured images compared with the plain images. Specifically, 223 the saccRP in the plain images had a reduced Nz (-0.57 ± 0.44; white -0.45 ± 0.40 µV, 224 black -0.46 ± 0.43 µV, grey -0.79 ± 0.52 µV), and the saccP1 was almost absent (white 225 0.60 ± 0.99 µV, black 0.50 ± 0.91 µV, grey 0.69 ± 0.83 µV). These reduced potentials on 226 plain images are in accordance with a general reduction in the firing rate on V1 when a 227 grey screen is on the receptive field of monkeys 5 . In contrast, for textured images (pink 228 noise, white noise, and inverted images), we found that the Nz and the saccP1 were 229 conserved and had similar magnitudes to NS potentials. The Nz potential was similar across 230 the textured categories (NS -1.62 ± 0.73 µV, pink noise -1.39 ± 0.71 µV, white noise -1.45 231 ± 0.81 µV, inverted images -1.32 ± 0.67 µV). These large differences in Nz signals cannot 232 be attributed to motor modulation because the subjects still produce eye movements in 233 plain as in textured images. The saccP1 amplitude was similar between the NS (6.02 ± 3.23 234 µV), pink noise (5.68 ± 3.29 µV), and inverted images (5.57 ± 3.02 µV; Fig. 4a inset) . 235
Notably, the white noise images elicited the largest saccP1 amplitude 21 (7.11 ± 3.84 µV), 236 even larger than the NS images. This latter result can be explained, in part, by the change in 237 luminance between two successive fixations 20 . However, it can also be interpreted as a 238 decrement in the predictability of the content of the next fixation 22 . Further examination of 239 the saccP1 and its relation with saccade length supports this latter hypothesis, where the 240 linear relation between the saccP1 and saccade length exhibited a steeper slope for the 241 white noise images than the NS images. This would also explain our findings of 242 significantly smaller saccP1 amplitudes for the plain images, given that there is no 243 luminance contrast between successive fixations and full predictability of the content of the 244 next fixation. A putative explanation to conciliate the reduction in both Nz and sacP1 in the 245 plain images would suggest that as quickly as the gist of the image is acquired after image 246 onset, a distinct visual process ensues, which would depend on the nature of the gist. As a 247 result, on plain image presentations, the motor-related modulation observed in the textured 248 images may not be engaged, as subjects quickly perceive a uniform visual scene. However, 249
for the textured images, each eye movement resulted in a new stimulus to early visual areas 250 that needed to be processed. Thus, motor-related modulation becomes an important part of 251 the visual processing of each fixation. This conjecture is consistent with our finding that the 252 Nz and saccP1 on the plain images were not due to some lack of general response to the 253 stimulus. Indeed, when we examined the response to the onset of the images, we verified 254 that plain images were able to produce the expected imgP1 component and a weak imgP2, 255
with similar timing to imgRP on NS (Fig. 4b ). There were significant differences for the 256 imgP1 between the plain and NS categories (NS, white, grey, and black). The transition 257 from the fixation cross (grey background during the inter-trial interval; Fig. 1a) to the grey 258 images evoked an imgP1 of smaller amplitude than in the NS (grey 0.74 ± 1.45 µV and NS 259 2.47 ± 2.87 µV), and for white and black images, the imgP1 was larger than in the NS (3.93 260 ± 2.69 µV and 4.42 ± 3.69 µV, respectively), but not significantly. The imgP1 was 261 significantly larger for the white and black images than the grey. These results, as with the 262 NS images (Fig. 2a) , further indicate that the imgP1 was mainly modulated by the 263 difference in luminance between the current and the previous image 3 . The late component, 264 imgP2, also had significant differences between categories (Fig. 4b) (white, grey, and black) and complex images (NS, inverted, pink noise, and white noise; Nz 273 from all content images versus all plain images, t 15 = -4.84, P = 2.18x10 -4 , paired t-test; the 274 same for saccP1, t 15 = 7.55, P = 1.74x10 -6 , paired t-test). Inset, the white noise saccP1 275 
CONCLUSIONS 285
Our results show that during self-paced image exploration, the activity in the brain occipital 286 areas is time-modulated to the saccade onset rather than to the fixation onset. The evoked 287 activity to the saccade onset (saccRP) has increased amplitude compared to the activity 288 evoked by the fixation onset. Moreover, these potentials were greater in magnitude than the 289 response to image onset. Our results provide additional evidence of the role of internally 290 generated motor signals in the modulation of neural activity in early visual areas 4 and 291 suggest that self-initiated sensory activity triggers different neural processes than those 292 triggered from externally imposed stimuli. Another important finding was that the 293 amplitude of the saccP1 for the natural scenes is linearly correlated with saccade length that 294 fall within the fovea radius. This result fits well with the idea of a local-global strategy 295 working during free visual exploration 19, 23 . Additionally, we found that the saccRP is 296 almost absent for images without texture (plain images), even though subjects still move 297 their eyes. A possible explanation for this latter result is that the internally generated motor 298 signal is not engaged during exploration of the plain images. This implies that, shortly after 299 image presentation, the perceptual process categorizes images as plain or textured. As 300 expected, the imgP2 depends on the class of visual stimulus and was diminished for non-301 textured images, supporting imgP2's role in the assessment of scene content. This finding 302 extends previous reports proposing that the imgP2 is the neural correlate of the gist of an 303 The selected images were gamma corrected for the screen used to present the stimuli, and 324 these images constituted the NS set. For each of the NS images, we constructed 4 control 325 images: pink noise, white noise, inverted, and grey. The pink noise and white noise images 326 were created considering 2 parameters of the NS -its power spectrum and its phase. The 327 pink noise images had the same spectral power as that of the NS, with the phase from a 328 scrambled version of the original NS. As a complement, the white noise images were 329 created having a flattened power spectrum of the scrambled version of the NS and the 330 phase content of the original NS. The inverted images were created as a high-level control, 331 where they were the original NS upside down with the bottom part at the top the image. 332
The grey images had the same average luminance as that of the original NS. Finally, the 333 the velocity (30 °/s) and acceleration threshold (8000 °/s 2 ). The saccades longer than 5 ms 355 and smaller than 100 ms and the fixations between 50 and 600 ms were considered for 356 further processing. The blinks were defined as the absence of pupil data. The saccades that 357 were actually blinks were discarded (a median of 9.32% of the events were blinks). 358 EEG and ERP analyses. The EEG processing was done in Matlab (release 2012b; The 359
MathWorks, Inc., Natick, Massachusetts, United States) using the toolbox FieldTrip 360 (release 20140412) 25 . The recordings were re-referenced to the average of the mastoids. 361
Then, we performed an ICA decomposition of the data 26 and visually compared the EOG 362 channels with the ICA components to discard the ICA components that had ocular content 363 from the remaining components, and we reconstructed the signal. Then, the data were 364 decimated to a sample rate of 300 Hz. We applied a band-pass filter (Butterworth) between 365 0.5 and 30 Hz. The epochs were defined 1 second before the event onset until 1 second 366 after. We used the period [-200, -100] ms as baseline for fixRP and saccRP and between [-367 200, 0] ms for imagRP. We studied the average event-related potentials from the occipital 368 electrodes (O1, Oz, and O2) time-locked to fixation, saccade, or image onset, respectively. 369
For each subject, we assessed the peak amplitude of these potentials, while for imgP2, we 370 considered the area under the curve. We used the area under the curve because it was not 371 possible to detect a clear maximum for the imgP2 of each subject 27 . The onset of Nz was 372 defined as the first point between [-100,+100] ms, where three consecutive samples were 373 below the baseline. The offset was the point where the saccRP reached a minimum, just 374 before the positive deflection of saccP1 began. 375
Statistics. We measured the significant differences for fixRP versus imgRP, and fixRP 376 versus saccRP with paired t-tests. The subjects were the independent samples, and we 377 reported the t-statistics, with its degrees of freedom, and P-value. We applied the test over 378 the maximum or minimum amplitude of the potentials (for sacc/fix/imgP1 and sacc/fix Nz, 379 respectively) and the area under the curve for imgP2. To assess the significant differences 380 across image categories, we performed an ANOVA of repeated measures and reported the 381 F-statistic of times (image categories), with the degrees of freedom of the times and error 382 (F dfTimes, dfError ), along with its P-value. 383 384
